. In at least some instances, strains of B. subtilis which cannot support growth of certain phages lack appropriate receptor sites (19, 28), but more commonly inhibited phages adsorb to, infect, and even kill nonpermissive host cells, but few or no progeny are released (12, 13, 21, 22, 27) . Although evidence for restriction-modification enzymes in B. subtilis has recently been reported (24, 26), they do not appear to be involved in all abortive infections in this bacterium, as the DNA of the inhibited phage is frequently not broken down (8, 22 Bacteriophages 01 and SPP1 were supplied by F. E.
The bacteriophages which infect Bacillus subtilis often demonstrate rather peculiar host ranges which have little in common with how closely or distantly prospective hosts are related by usual taxonomic criteria (21; B. E. Reilly, Ph.D. thesis, Western Reserve Univ., Cleveland, Ohio, 1965) . In at least some instances, strains of B. subtilis which cannot support growth of certain phages lack appropriate receptor sites (19, 28) , but more commonly inhibited phages adsorb to, infect, and even kill nonpermissive host cells, but few or no progeny are released (12, 13, 21, 22, 27) . Although evidence for restriction-modification enzymes in B. subtilis has recently been reported (24, 26) , they do not appear to be involved in all abortive infections in this bacterium, as the DNA of the inhibited phage is frequently not broken down (8, 22) . Instead, failure of the phage to develop normally appears to result from some interference with phage-directed nucleic acid synthesis.
Bacteriophage k1 is a virulent phage which infects a wide range of Bacillus hosts including B. subtilis 168. In the present communication we describe the isolation of phage 01m, a host-range variant of 41, which abortively infects strain 168 . Although the inability of this mutant phage to grow in the nonpermissive host apparently results from the failure of a phage-'Present address: The Rockefeller University, York Avenue and 66th Street, New York, N.Y. 10021. related product, molecular events during abortive 4lm infection show marked similarities to what occurs in several so-called interference phenomena in this and other bacteria. Moreover, the need for the phage-directed product can be alleviated by genetic changes in or physiological manipulation of the nonpermissive host. This system may be useful in elucidating some of the contributions which the bacterium makes to bacteriophage development, and the ways in which changes in the host may interfere with or promote the normal program of viral morphogenesis.
MATERIALS AND SIETHODS Bacterial strains, phages, and media. B. subtilis SB11 (trp-; a derivative of B. subtilis W23) was provided by E. W. Nester, and B. subtilis 168M was supplied by W. R. Romig. B. subtilis su+3, a B.
subtilis 168 derivative which carries the Georgopoulos suppressor (5), was provided by C. 0. Yehle. B. subtilis RUB806 (a derivative of B. subtilis 168 into which the su+3 suppressor has been transformed) was supplied by F. E. Young, B. subtilis strains SCR100 (spoA12, leu-) and SCR690 (spoB) were provided by MUTANT OF B. SUBTILIS PHAGE 18 cells, preparing phage lysates, and in all experiments with the exception of pulse-labeled RNA and DNA studies. In these latter investigations a defined medium as described in reference 22 was used.
Except where otherwise noted, experiments in liquid medium were conducted at 37 C with cultures grown in 16-mm tubes on a rotary shaker. Optical density (OD) of these cultures at 600 nm was determined with a Spectronic 20 colorimeter. The plating medium for titering phage was modified M medium supplemented with 1.5% agar for the base medium and 0.7% agar for soft agar overlays.
Selection or 4lm at a MOI of 0.1. Five minutes after addition of the phages, the cultures were centrifuged and resuspended in fresh medium and then diluted 10'. Aliquots of the latter were then further diluted and plated on lawns of B. subtilis su+' at the indicated times during the latent period to determine the number of infective centers.
Uptake of radioactive precursors in phage-infected celis. Studies on the incorporation of 'Hlabeled nucleosides into acid-insoluble material were made by growing cells in modified M medium to an OD of 0.3, adding labeled precursor, and infecting with X1 or 4dm at a MOI of 10. At the indicated times after infection, duplicate 0.1-ml samples of the cultures were withdrawn and precipitated in 3.0 ml of cold 5% trichloroacetic acid. The trichloroacetic acid-insoluble material was collected on Gelman glass-fiber filters (type A) and dried, and the precipitated radioactivity was then measured in a scintillation counter using a toluene-based scintillant. the culture, and incubation with shaking was continued for 5 min. The cultures were then poured over an equal volume of ice containing sodium azide (NaN,) to give a final concentration of 0.02 M. The cells were harvested by centrifugation, and the pellets were quick frozen in an alcohol dry ice bath and stored at -60 C. RNA was extracted as described by Rettenmier and Hemphill (22 Although most studies described in this paper were done in the complex M medium, the investigations of pulse-labeled RNA and DNA were conducted in defined medium because the specific activities of these nucleic acids were much higher and contributed to more accurate analysis. However, pulse-labeled RNA and DNA were also prepared from cultures infected in M medium and gave the same qualitative results in hybridization studies as were obtained with such nucleic acids isolated from cells grown in defined medium.
Nucleic acid hybridization experiments. RNA-DNA hybridization studies were done by the method of Gillespie and Spiegelman (6) . Reaction vials were prepared containing various amounts of the radioactive RNA and 6 to 8 Mg of denatured host or phage DNA adsorbed to 4-mm membrane filters (B-6 Bac-T-Flex; Carl Schleicher and Schuell Co., Keene, N.H.) mounted on a stainless-steel pin. The salt concentration in each reaction vial was adjusted to 2 x SSC (0.15 M NaCl plus 0.015 M sodium citrate) in a final volume of 0.5 ml. After 18 h of incubation at 64 C, the filters were removed and successively washed in three 10-ml volumes of 2 x SSC. The filters were then dried, and the bound radioactivity was measured in a toluene-based scintillation fluid.
DNA-DNA hybridization was done by the method of Denhardt (4) (1, 3, 25) which has been used in studies of suppressor-sensitive (sus) mutants of phages (5, 18, 20) . The second bacterial mutant, B. subtilis SCR100, is an early-blocked asporogenous mutant lacking the spoA function (11, 13, 14) .
Plaques of 01 on both B. subtilis su+3 and SCR100 were larger than on B. subtilis 168, and the plaque-forming efficiency was three to five times greater on the mutants than on the wild-type strain. As shown in Table 1 (13), and we considered the possibility that the mutation of qlm made this host range variant equivalent to the naturally occurring 02. The latter phage has been reported to grow on certain early-blocked asporogenous mutants of B. subtilis 168 such as strains SCR100 and SCR690. Table 3 shows that these mutant bacteria were indeed also permissive for olm. However, it will be noted that 02 did not grow in B. subtilis su+3, a finding which suggests both that olm did not share precisely the same dysfunction as the related 02 and that the ability of strain su+3 to serve as host for klm was not directly related to permissiveness in SCRIOO or SCR690.
Development of Xlm in permissive and nonpermissive hosts. We next examined whether 01m, like many other host-range mutants, was altered in its ability to adsorb to and infect B. subtilis 168. We found that the mutant phage adsorbed to and killed the nonpermissive host with the same efficiency as did X1 (data not shown). Consideration was also given to the possibility that 4lm DNA might be destroyed by restriction nucleases in the abortive infection. This seems unlikely, however, as we found that the 4lm genome could be rescued from B.
subtilis cells under certain circumstances. For example, when cultures of the nonpermissive host were infected with 4lm and olsus3, each at a MOI of 5, high and equal numbers of progeny of both parental phages were obtained, whereas in single infections of either phage no progeny were released. In other experiments, it was found that 4lm could be rescued even when added 5 or 10 min before 0lsus3.
One-step growth experiments were conducted to compare the number of progeny phage released in various infections. Phage 41 or 4lm was added to cultures of B. subtilis strains Su+3, SCR100, and 168 at a MOI of about 0.1, and the numbers of infective centers were assayed on SU+3 indicator at various times after infection. The results of these studies are presented in Fig. 1 Fig. 2A and B .7
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The results in Fig. 4 show that all infected cultures exhibited a marked increase in [3H ]thymidine incorporation between 10 and 20 min after addition of phage compared to uninfected controls. This probably reflected the onset of viral DNA synthesis. DNA-DNA hybridization experiments using denatured DNA from (klm-infected cells pulse-labeled with [3H]thymidine (data not shown) demonstrated that (klm DNA was synthesized during this time interval in the nonpermissive host.
However, in contrast to the pattern of [3H ]thymidine incorporation in productively infected strains, the accumulation of radioactivity, and presumably DNA synthesis, abruptly stopped 20 min after (lm infection in B.
subtilis 168. This result, of course, is reminiscent of that observed in studies of [3H]uridine incorporation and suggests a general failure of all nucleic acid synthesis took place at that time of the latent period in the nonpermissive host.
Effect of temperature on (klm growth in B.
subtilis 168. In the course of conducting genetic mapping studies with (lm and temperaturesensitive mutants of 01, we noted that some plaques of the former phage appeared on control plates of B. subtilis 168 if the cultures were incubated at temperatures in excess of 47 C. This phenomenon is quantitated in Table 5 , which shows that not only do plaques appear on the nonpermissibe host at high temperature but, if the indicator bacterium is pregrown at 49 C, the plaque-forming efficiency of (lm on strain 168 at high temperature was 50% of that on permissive su+3 grown under the same conditions. Phage isolated from plaques formed on strain 168 at 49 C retained the original phenotype and were unable to grow at 37 C.
We next conducted studies of liquid cultures in which cells grown at high temperature were infected at high MOI with (lm. The results shown in Table 6 demonstrate that (lm did productively infect B. subtilis 168 if the cultures were grown at 49 C. Indeed, 168 cells pregrown at 49 C and then shifted at 37 C retained some permissiveness for high MOI (klm infection after growing 30 min (about one generation) at the lower temperature. The observation that higher yields of (lm were obtained on su+3 cells grown at 37 C than on either host at 49 C may indicate the higher temperature was beyond the optimum for (lm development, although this condition was necessary to render 168 cells permissive for the phage. This conclusion is also supported by the data in Table 5 which show that (lm forms plaques on B. subtilis SU+3 with greater efficiency at 37 C than at 49 C. We experienced some difficulty in determining how (14) . Mutations in this gene show pleiotrophic effects which may be related to an alteration of the membrane structure (2, 11) . If so, the m gene may direct the synthesis of a protein involved in some membrane-associated phenomenon, an interaction which is either not required in SCR100, or which, in permissive hosts, can still be carried out by the modified product of 4lm. Our data suggest that the ability of 4lm to grow on B. subtilis su+' is not related to the suppressor function present in this bacterium, and it is likely that permissiveness for this phage is associated with some other host mutation. This second mutation may also be related to the high plaque-forming efficiency of several wild-type bacteriophages on strain su+3. Unlike the other permissive mutants of strain 168, however, su+3 does produce spores, although some preliminary evidence suggests sporulation may be delayed compared to 168 and a lower percentage of the cells may actually sporulate.
It is possible that growing B. subtilis 168 at temperatures above 47 C produced changes in this nonpermissive host which made it equivalent to the phenotype of either the spoA mutation in SCR100 or the cryptic mutation in su+3. In accord with this hypothesis, we found that B. subtilis 168 did not sporulate at 49 C. The observation that cells pregrown at 49 C could support 4lm for at least one generation after step-down to 37 C suggests that the temperature-induced changes might be long-lasting structural alterations in the bacterium.
The finding that high temperature can make B. subtilis 168 cells permissive for otherwise abortively infecting phages is not unique to the present system. LaMontagne and McDonald (15) reported the isolation of a phage, TSP-1, which could grow on B. subtilis only if the host were grown at temperatures above 50 C. In this instance, strain 168 apparently lacks TSP-1 receptor sites when grown at low temperature (16) , and there is a thermophilic process involved in TSP-1 DNA replication such that cells infected at 53 C and then shifted to 37 C ceased making TSP-1 DNA (17) . There appears to be no relationship between the requirement for high temperature in TSP-1 infection and abortive infection of 4lm, however, as the latter adsorbed to and infected B. subtilis 168 at nonpermissive temperatures, and 168 cells pregrown at high temperature remained permissive for 4lm for at least 30 min after being shifted to 37 C. Preincubations of B. subtilis 168 cells at temperatures above 48 C (8) or exposure of these bacteria to UV light or mitomycin C (7) have been reported to make this strain permissive for SP10, a phage which normally cannot productively infect this host. Although the first observation is similar to those made with 4lm, we have not been able to make 168 cells permissive for 4lm with mitomycin C.
The results of the present study suggest the m gene function may not be needed until about a third of the way through the latent period. At that time, absence of a normal product results in failure of all host and phage-directed nucleic acid synthesis. Its abruptness added to the fact that all macromolecular syntheses are affected may suggest some generalized failure of energy yielding metabolism or perhaps a deleterious shift in cell permeability. These possibilities are now being investigated.
